Introduction
Solar radiation in the ultraviolet, visible, and near-infrared ranges is the major source of energy for the climate and ecosystems on Earth. Global solar radiation refers to the total amount of solar energy reaching the Earth's surface, which varies dramatically over temporal and spatial scales due to varying atmospheric conditions above the surface. These variations can be attributed to the absorption and scattering of radiation by clouds, water vapor, aerosols, and other gases in the atmosphere, but are difficult to predict, primarily because of non-linear interactions in this complex system [1] [2] [3] .
To quantify the extinction of solar radiation in the atmosphere, the combined contributions of various atmospheric parameters that affect incoming solar radiation need to be examined. While these extinction processes are complex, the estimation of sky conditions using incident solar radiation at a given location has been proposed as a simple approach. The ratio of the global solar radiation measured at the surface to the extraterrestrial solar radiation is defined as the clearness index (K T ) [4] [5] [6] [7] [8] . The clearness index has been used as a general indicator of the combined effects of the various extinction processes, which determine the transmission of solar radiation through the atmosphere.
There have been many studies characterizing sky conditions and long-term trends of solar radiation using K T for a particular location [1, 2, 4, 8, 9] . The sky conditions at tropical stations in Nigeria were analyzed by the diurnal and seasonal variations of hourly and daily K T [2, 8] . Based on the 40 years (1961-2000) of daily solar radiation and monthly sunshine duration from China, the significant decreasing trends in K T and global/direct radiation but increasing trend in diffuse radiation were evaluated [1] . Another approach is to develop empirical models for different wavelengths of radiation using sky conditions (i.e., K T ) determined from the more commonly measured global solar radiation. These include models for ultraviolet radiation [10] [11] [12] [13] [14] [15] , erythemal ultraviolet radiation [16] [17] [18] [19] , photosynthetically active radiation (PAR) [20] [21] [22] , and near-infrared radiation [23] . Using these models, the effects of several atmospheric parameters on the transmission of solar radiation have been assessed, including cloud cover [14, 16, 24, 25] , the presence of aerosols [9, 26, 27] , and ozone concentration [12, 19] . Additionally, studies of solar energy utilization systems and renewable energy have been performed in which regional K T values were examined to determine the level of solar radiation availability [28, 29] .
Large variations in K T occur on both temporal and spatial scales. The regional features of K T and the effects of atmospheric parameters on K T have not been sufficiently investigated over the Korean Peninsula where complex interactions of clouds, aerosols, and pollutants occur throughout the year, which includes a distinct monsoon season. Thus, the objective of this study is to evaluate spatio-temporal patterns in K T over a recent time period together with long-term trends in K T in Korea. Using a multiple regression model for K T , we also estimate the individual contributions of several atmospheric parameters influencing K T [30] .
The remainder of this paper is organized as follows. Section 2 describes the data and methodology, and Sections 3.1 and 3.2 present information on temporal and spatial variations in K T , respectively. Section 3.3 analyzes long-term trends in K T and Section 3.4 investigates the individual contributions of atmospheric parameters to K T variations. Finally, a summary and conclusions are given in Section 4.
Data and Methodology
The Korean Meteorological Administration (KMA) maintains 21 solar radiation measurement stations ( Figure 1 ). The Gangneung site was established in January 2008, later than other sites. The KMA database provides hourly broadband global solar irradiance measurements. In this study, the daily irradiance data are used together with corresponding meteorological parameters measured at synoptic stations maintained by KMA over 15 years from January 2000 to December 2014 for all but one site (Gangneung). These sites are part of the World Meteorological Organization (WMO) network.
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The Korean Meteorological Administration (KMA) maintains 21 solar radiation measurement stations ( Figure 1 ). The Gangneung site was established in January 2008, later than other sites. The KMA database provides hourly broadband global solar irradiance measurements. In this study, the daily irradiance data are used together with corresponding meteorological parameters measured at synoptic stations maintained by KMA over 15 years from January 2000 to December 2014 for all but one site (Gangneung). These sites are part of the World Meteorological Organization (WMO) network. 
Instruments and Data
Global solar irradiance (GS, 290-2800 nm) was measured using a pyranometer (CMP-21, Kipp & Zonen, Delft, Netherlands) with an experimental error of 3%. The CMP-21 pyranometer has a non-linearity below 0.2% in the range of 100-1000 Wm´2, a directional response below 10 Wm´2 (up to 80˝with a 1000 Wm´2 beam), and a temperature dependence below 1% (from´20˝C to 50˝C). The data were recorded as 1-minute average values using data loggers (CR21X, Campbell Scientific, Logan, UT, USA) and archived as hourly integrated values. The daily integrated values are the summation of 24 hourly measurements in units of Wm´2. In addition, meteorological variables such as Cloud Amount (CA), Relative Humidity (RH), and Aerosol Optical Depth (AOD) were used. The CA is observed visually by KMA and expressed as tenths of the sky covered by clouds according to WMO standards. The RH is measured by Automated Weather Stations (AWS) installed at respective stations. The daily CA and RH are calculated by averaging eight values per day (03:00-24:00 LST). These instruments were installed after proper calibration, certified from the manufacturer, and have been recalibrated regularly. Because the ground-based measurements of AOD were limited, AOD at 550 nm was obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) Terra Collection 5.1 for the period of March 2000-December 2014. Thus, the long-term trend in AOD from March 2000 was analyzed and a regression model for K T and meteorological variables was developed for the period covered by the AOD dataset.
Quality Assessment of Sample Data
The quality assessment of GS was based on two main criteria [31] . First, the observed surface GS should be less than the extraterrestrial GS in the same geographical area. Second, the observed surface GS should be larger than the minimum GS value under continuously overcast conditions. These criteria were used to identify outliers, which were removed from the data set. The K T values and their anomalies were then calculated. Less than 1% of all measurement data were eliminated by the quality assessment process. Routine maintenance and control work were performed on-site daily, reducing the number of outlying data points.
Clearness Index
K T is useful in characterizing the atmospheric transmission of radiation [4, 5] , and is defined as
where H is the global solar radiation measured on the horizontal surface and H 0 is the extraterrestrial solar radiation. K T has also been expressed as the total solar transmissivity for UV-B [32] and PAR [33, 34] attenuation, respectively. Daily extraterrestrial solar radiation at the top of atmosphere, H 0 , is calculated as follows [5] :
where I sc is the solar constant (1367 Wm´2), E 0 is the eccentricity correction factor of the Earth's orbit, φ is the latitude, δ is the solar declination angle, and ω s is the sunrise hour angle. E 0 is given by Duffie and Beckman [35] as follows:
where d n is the day of year. The term δ is calculated as follows [36] :
We also conducted multiple linear regressions and analyzed partial correlation coefficients in order to estimate the individual contributions of the parameters influencing K T [30] . Table 1 . When averaged over all sites, the annual mean value of K T under all-sky conditions was 0.46, as shown in Figure 2 and Table 1 (Figure 3c ). Considering the temporal variations in K T and the meteorological variables, the seasons with relatively high K T are characterized by more frequent clear skies due to a dominant high-pressure system in autumn, and strong northerly winds from the continent in winter. The decrease in K T during July and August can be explained by the attenuation effects of increased cloud and water vapor (RH) during the rainy season, caused by the "Changma" monsoon system. On the other hand, K T does not exhibit strong seasonal dependence, as shown in Figure 2 . This can be attributed to the proximity of numerous sites to the sea, which further tends to dampen strong seasonal variations in the moisture content of the atmosphere as well as in the distribution of the cloud cover [37, 38] .
Results and Discussion

Temporal Variations
The general pattern of monthly average K T values over the 21 sites is not the same for all regions, particularly Jeju Island located in the South Sea, southwest of the Korean Peninsula. Minima of 0.29 in January and 0.33 in December/January are observed at Jeju and Gosan, respectively (Table 1) . To explain this difference, the monthly distributions of CA, RH, and AOD for the Jeju and Gosan sites are presented in Figure 3d -f. Interestingly, the temporal variations in CA over Jeju Island are quite different to those at other sites (Figure 3a,d ), while variations in RH and AOD are similar at all sites. For Jeju and Gosan, a relatively high CA occurs in December and January, indicating a different climate pattern between the mainland and the island. The decrease in K T over Jeju Island in December and January can be attributed to frequent overcast skies, due to the combined effects of strong northwest prevailing winds in winter and a geographical location adjacent to the sea. These results indicate that the monthly variations in K T are closely related to variations in cloudiness at the respective sites. The contribution of CA to K T variations is discussed further in Section 3.4. In addition, Ogunjobi et al. [9] analyzed the characteristics of K T using global solar radiation data for the period 1998-2000 at only two sites, Gwangju and Seoul, with similar results to this study. 
Spatial Distributions
The nationwide spatial distributions of annual and monthly K T climatology are shown in Figure 4a -c for the whole year, January (representing winter), and July (representing summer), respectively. In Figure 4a , the spatial distribution of annual climatology shows the highest K T values in the southeastern region covering five sites (Daegwallyeong, Daejeon, Jinju, Pohang, and Busan), with a total annual mean K T of 0.48. Lower K T values are found in the mid-west region covering the Seoul, Incheon, and Jeonju sites, and in the Jeju Island region that includes the Jeju and Gosan sites; these values are in the range of 0.42-0.45 with a minimum value of 0.42 at Seoul and Jeju. These relative regional differences can be attributed to local climate and environmental characteristics, as noted for the temporal variations. The annual climatology of AOD (0.52) for the period of 2000-2014 in Seoul and Incheon, covering the largest metropolitan area in Korea, is higher by 33% than that recorded at other sites (0.39). This result may reflect that the sky conditions at these two sites are relatively turbid, resulting in lower K T values due to enhanced attenuation effects. In Jeju and Gosan, the regional climate pattern shows a high frequency of cloud formation that may lead to lower K T values; the annual climatology of CA (6.02) at these two sites is 17% higher than that of other sites (5.14).
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The nationwide spatial distributions of annual and monthly KT climatology are shown in Figure 4a -c for the whole year, January (representing winter), and July (representing summer), respectively. In Figure 4a , the spatial distribution of annual climatology shows the highest KT values in the southeastern region covering five sites (Daegwallyeong, Daejeon, Jinju, Pohang, and Busan), with a total annual mean KT of 0.48. Lower KT values are found in the mid-west region covering the Seoul, Incheon, and Jeonju sites, and in the Jeju Island region that includes the Jeju and Gosan sites; these values are in the range of 0.42-0.45 with a minimum value of 0.42 at Seoul and Jeju. These relative regional differences can be attributed to local climate and environmental characteristics, as noted for the temporal variations. The annual climatology of AOD (0.52) for the period of 2000-2014 in Seoul and Incheon, covering the largest metropolitan area in Korea, is higher by 33% than that recorded at other sites (0.39). This result may reflect that the sky conditions at these two sites are relatively turbid, resulting in lower KT values due to enhanced attenuation effects. In Jeju and Gosan, the regional climate pattern shows a high frequency of cloud formation that may lead to lower KT values; the annual climatology of CA (6.02) at these two sites is 17% higher than that of other sites (5.14). As shown in Figure 4b , the spatial distribution of January K T climatology is similar to the annual pattern. High K T values in the range of 0.51-0.56 appear in the eastern and southeastern regions covering the Daegwallyeong, Gangneung, Pohang, Daegu, Busan, and Jinju sites, whereas low K T values in the range of 0.29-0.45 are observed in the mid-west region covering the Seoul, Jeonju, and Mokpo sites and the southwest islands (i.e., Jeju, Gosan, and Heuksando). Of note, the sites with higher K T values in Figure 4a ,b are located in eastern (i.e., the Yeongdong district) and southeastern (i.e., the Yeongnam district) regions of the Taebaek Mountains that stretch longitudinally along the eastern edge of the Korean Peninsula. This is the leeward side of the peninsula, which is characterized by clearer and drier conditions, which may result in higher atmospheric transmission of radiation. The spatial distribution of K T climatology in July (Figure 4c ) is dissimilar to the annual and winter patterns. Higher K T values appear in the Jeju Island regions (Jeju and Gosan), while lower values are found in the northern region covering the Seoul, Incheon, Suwon, Seosan, and Cheongju sites, within the range of 0.30-0.35. The spatial pattern of K T climatology in July, which gradually increases from north to south, is different from that found in January. In addition, the K T minimum-maximum range for summer is lower than that for winter. These differences may be related to varying weather patterns between the winter and summer seasons, which are characterized by prevailing northwesterly and southeasterly winds, respectively. Based on the evident relationship between spatio-temporal distributions of K T and the changes of atmospheric compositions, the continuous monitoring of K T is necessary in determining the potential of solar power utilization in Korea.
Long-Term Trends
A simple linear regression analysis of K T values was performed to evaluate long-term trends, using the slope of the linear regression fit, from the time series of deseasonalized monthly mean K T values for the 15 years from 2000 to 2014. The deseasonalized values were calculated with respect to climatological monthly means for the 15-year period. A similar method was used to analyze the long-term trends in CA, RH, and AOD. While the trends of K T , CA, and RH show regional differences, the relative values for the slope of the fit line averaged over the 21 sites were 0.65%, 1.24%, and 1.48% per decade, respectively, suggesting general increases in Korea. However, the AOD trend shows an overall decrease for all sites of less than´13% per decade at the Seosan, Daegu, Jeonju, and Jinju sites. Table 2 summarizes trends in K T , CA, RH, and AOD for two sets of measurement sites: those for which K T is increasing (termed "brightening") and those for which K T is decreasing (termed "dimming"). The sites with strongly increasing K T values (>4% per decade in Table 2 ) are generally in the middle and the southeastern regions of the Korean Peninsula, and include the Daegwallyeong, Seoul, Daejeon, Daegu, and Jinju sites. The highest positive trend (+8.30% per decade) is found at the Daegu site (Figure 5a ). The strong increase in K T at the Daegu site is caused by the decreasing trends in RH of´3.83% per decade and AOD of´13.79% per decade ( Table 2 ). The sites with strongly decreasing K T values (<´4% per decade in Table 2 ) are located in the southwestern regions covering Seosan, Cheonju, and Mokpo, with the strongest negative trend (´6.76% per decade) at the Mokpo site (Figure 5b) . The strong decreasing trend in K T at the Mokpo site can be related to increasing trends in CA of +3.53% per decade and RH of +10.31% per decade even though a decreasing trend in AOD is observed (Table 2) .
Overall, the trends in meteorological parameters such as CA, RH, and AOD were difficult to relate to trends in K T . The variations in K T may be caused by the combined effects of the three variables, or their contributions influencing K T may be relatively different. As mentioned above, the Seoul site recorded the lowest annual K T value (0.42) in Korea, but with a significant brightening trend (+4.08% per decade). In terms of long-term trends, Ohmura and Lang [42] reported that decadal fluctuations in global solar radiation at 24 sites in Europe were attributed to a change in cloud conditions. Liepert et al. [43] concluded that variations in global solar radiation in Germany were related mainly to aerosols. Ohmura [44] reported that a 20-year dimming phase from 1960 to 1980 and a 15-year brightening phase from 1990 to 2005 were observed in Europe and Japan, concluding that these trends were related to variations in the aerosol content of the atmosphere. Considering these previous findings, it can be suggested that the long-term K T trends depend on temporal and spatial variability of atmospheric properties. In this study, the regional dimming and brightening trends are attributed mainly to the meteorological parameters prevailing over the respective regions.
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Contributions of CA, RH, and AOD to KT variations
To determine the respective contributions of CA, RH, and AOD to KT, multiple linear regression analyses of the three variables with respect to KT were performed using daily mean data measured at each of the 21 sites. The partial correlation coefficients of CA, RH, and AOD with KT are given in Table 3 . KT is negatively correlated with CA, RH, and AOD, and the mean values of partial correlation 
Contributions of CA, RH, and AOD to K T Variations
To determine the respective contributions of CA, RH, and AOD to K T , multiple linear regression analyses of the three variables with respect to K T were performed using daily mean data measured at each of the 21 sites. The partial correlation coefficients of CA, RH, and AOD with K T are given in Table 3 . K T is negatively correlated with CA, RH, and AOD, and the mean values of partial correlation coefficients averaged over all sites are´0.72 (range,´0.66 to´0.80),´0.45 (´0.13 to´0.58), and´0.37 (´0.19 to´0.49), respectively (Table 3 ). This result suggests that all three variables significantly affect K T and that CA is the most influential. Cho et al. [30] developed a multiple regression model to evaluate the effects of three variables on downward longwave radiation using daily temperature, specific humidity, and cloud amount at King Sejong Station, Antarctica. Similarly, in this study we have developed multiple regression models to evaluate the individual contributions of clouds, water vapor, and aerosols to K T variations for the 15 years from 2000 to 2014, using the coefficients of partial correlation (r) and the beta coefficients (β) from the statistical equation, R 2 = β 1 r 11`β2 r 12`β3 r 13`β4 r 14 (cf. [45] ). Table 3 presents the total and individual contributions of the three variables to K T variations. The multiple regression models show that, on average, CA, RH, and AOD together explained 57.1% (R 2 = 0.57) of the K T variations under all-sky conditions. Of the total contribution of 57.1%, the individual contributions of CA, RH, and AOD are 42.1%, 8.8%, and 6.2%, respectively. Thus, the cloud effect was the dominant contributor, and the aerosol effect was the least important in explaining K T variations in Korea.
Summary and Conclusions
This study examined seasonal variations in, and the spatial distribution of, the clearness index (K T ) using ground-based measurements of global solar irradiance for the 15-year period of 2000-2014 at 21 sites in Korea. The annual mean K T value averaged over all sites was 0.46, with values of 0.63 and 0.25 for clear and overcast skies, respectively. A monthly minimum value for K T of 0.37 occurred in July at all sites except for Jeju, where the minimum occurred in January (K T = 0.29), and Gosan, where the minimum occurred in December/January (K T = 0.33). The relatively low K T values in July were attributed mainly to enhanced attenuation effects by increased water vapor and clouds during the rainy season, which is caused by the "Changma" monsoon system. The low K T values over Jeju Island in December and January can be attributed to frequent cloudy conditions due to the strong northwest prevailing winds in winter and a geographical location surrounded by the sea. The monthly maximum K T value was 0.51 in October, with a secondary maximum of 0.49 in February, March, and April. The highest annual K T value was 0.48, as recorded at the Daegwallyeong, Daejeon, Jinju, Pohang, and Busan sites, all of which are in the southeastern region. The lowest K T value of 0.42 was found at the Seoul site, but showed an increasing long-term trend. The highest positive trends in K T (>+4% per decade) occurred in the middle and southeastern regions, with the largest brightening trend of +8.30% per decade occurring at the Daegu site. The largest negative trends in K T (<´4% per decade) were recorded in the southwestern regions and the largest dimming trend of 6.76% per decade was recorded at the Mokpo site. Multiple linear regression models for K T using daily data for cloud amount, relative humidity, and aerosol optical depth were developed to evaluate their contributions to K T variations. The three variables together explain 57% of the variance in daily mean K T , of which 42% is explained by cloudiness, 9% by relative humidity, and 6% by aerosol optical depth. Thus, the K T variations were affected mainly by clouds with relatively weak aerosol effects in Korea, despite heavy aerosol loading throughout the year. This finding may indicate an indirect effect of aerosol particles on cloud microphysics. However, an evaluation of the indirect aerosol effects on clouds, and thus K T , would require a detailed investigation using comprehensive models and a diverse measurement dataset.
